Vehicles are a major source of fuel consumption and air pollution. Any improvement in their efficiency impacts the environment and economy positively. Service vehicles such as food delivery trucks have many loading and unloading stops during their daily work cycle. In these stops, their auxiliary devices need to be active and hence the engines run at its idling speed resulting in extremely low fuel efficiency. A regenerative auxiliary power system is proposed for anti-idling of service vehicles. This system reduces the engine idling and maximizes the regenerative braking energy by utilizing an additional battery. In this paper, different system configurations and possible options for integration of regenerative auxiliary power system to the vehicle powertrain are studied. Backward-looking scalable powertrain components modeling approach is utilized to create a flexible system model which can be easily modified for different vehicles. The full system model has scalability and composability features. A library for common components used in service vehicles is developed for ease of development of such anti-idling systems. Hardware-in-the-loop tests and a prototype model of regenerative auxiliary power system have been utilized for the laboratory evaluation in order to validate the model and characterize the regenerative auxiliary power system components.
Introduction
Service vehicles that are equipped with air conditioning and refrigeration devices are categorized as A/C-R service vehicles. These groups of vehicles are mostly used by fleet companies to move and deliver different products. The daily work cycle of service vehicles consists of many loading and unloading stops. During these stops, their auxiliary devices such as air conditioning (AC) and refrigeration units that are powered by the engine need to be active in order to hold the storage conditions required for their parcels. In such situations, the engine runs at its idling speed resulting in extremely low fuel efficiency. Idling fuel efficiency is estimated to be between 1% and 11%, whereas at highway speeds, diesel engines could provide up to 40% efficiency. 1 Considering the fact that for A/C-R service vehicles, 15% to 25% of engine fuel consumption goes to auxiliary devices, 2, 3 utilizing an anti-idling solution is necessary. Besides low engine efficiency and high fuel costs, idling increases greenhouse gas emissions, the level of noise pollution, and engine wear. Increase in engine wear will remarkably decrease the operational life and increase the maintenance cost of the vehicle. The impact of idling on the environment, economy, and human health forces the governments to establish new regulations. 4, 5 Generally, anti-idling technologies can be classified in two main groups: mobile and stationary. [6] [7] [8] Stationary anti-idling technologies, or truck stop electrification (TSE) systems, 9, 10 are not a suitable solution for service vehicles since supermarkets receiving the products would need to have a TSE station. This does not work for the market financially; they have a few deliveries a day and would not be able to afford the required station devices. Among the mobile antiidling technologies, auxiliary power units (APUs), 7, 11 battery powered systems (BPSs), 9, 12 direct-fired heaters, 9 and automatic engine shutdown are the most popular anti-idling solutions. 6 Direct-fired heaters and automatic engine shutdown are partially functional anti-idling technologies and do not have any benefit to A/C-R devices. APUs and BPS usually provide all the demanded auxiliary power. However, these technologies do not use any regenerative power. Considering the weight increase, capital installation cost, and maintenance expenses, utilizing these anti-idling solutions cannot significantly decrease the total system greenhouse gas emissions and fuel costs in the A/C-R service vehicles. 10, 13 Regenerative auxiliary power system (RAPS) employs the waste energy during braking (using regenerative energy), and also engine energy when needed, to provide the demanded auxiliary power for an A/C-R service vehicle. This solution will decrease the fuel consumption without a high increase in the total system weight and initial cost compared to a full hybrid system in service vehicles. The amount of fuel saving greatly depends on the optimization and control processes applied for each class of vehicles and also the operation time of system and amount of demanded auxiliary power. According to the results presented in the literature, [14] [15] [16] [17] [18] it is expected that RAPS decrease fuel consumption of service vehicle between 7% and 12%.
In addition, the system can be used as a retrofit to the existing service vehicles. Modeling, component sizing, optimization, and optimal power management are the steps to achieve the optimal anti-idling system. In this study, the process of modeling that can be used later by the optimization algorithms is explained. Considering the options for decreasing the computation time of optimization, and the required depth and accuracy of the modeling for each part, instead of using complex vehicle modeling software such as Powertrain System Analysis Toolkit (PSAT), Autonomie 19 (newer version of PSAT) and ADVISOR, 20 the required modeling is developed in the MATLAB/Simulink software. This is a common approach used in different drivetrain modeling, simulation, and optimization studies [21] [22] [23] to reduce the computation time and cost.
First, system configuration and the possible connection of the RAPS to the vehicle powertrain are discussed. Second, details of system modeling are explained and possible scenarios for vehicle idling conditions are briefly reviewed. Experimental setup and the test processes in order to validate the modeling and characterize the system components are shown at the end. A comparison between the experimental and simulation results is presented at the final stage.
System configuration
Many different factors and criteria should be considered in order to design an acceptable RAPS. To power the service vehicle's auxiliary devices from braking recovered energy, a regenerative braking system should be integrated into the vehicle powertrain. The connection of the RAPS to the vehicle powertrain, total system configuration, safety, weight, and size of components are the most important factors. It is vital that connection of the RAPS does not cause any major modification to the existing vehicle; otherwise, the initial cost of the total system and the safety concerns will reduce industry interest. The other important point is that the designed RAPS must be modular and easy-to-install in order to reduce installation time and costs. In addition, this research is intended for use in any service vehicle with auxiliary devices, so RAPS components and especially their models should be generic, modular, and flexible for the creation of scalable powertrains and RAPS component's models. Given these considerations, the RAPS components are designed with different configurations of different powertrains in mind. By utilizing this method, RAPS components can be designed separately and added to an existing vehicle.
As illustrated in Figure 1 , a RAPS consists of different electrical and mechanical parts. In this figure, the one-way arrows represent the power flow in the RAPS, and the two-way arrow between the whole RAPS and the ''power management controller'' is the flow of data and state conditions information. Input mechanical energy will be extracted from the vehicle's powertrain through the ''RAPS connection point.'' This extracted mechanical energy is in the form of torque and angular velocity. There are different parts in a vehicle powertrain that can be used to extract mechanical power for the generator. Possible configurations can be categorized into two main groups based on the amount of the demanded power; however, the limitation of the powertrain and connecting components (especially generator size) is also very important in this classification. The two main groups of possible configurations are defined as follows:
1. Low-power demand system (serpentine belt) configuration: For service vehicles with low-power demands, it can be considered that the generator, which is mostly an alternator in this configuration, is connected to the engine's serpentine belt. The serpentine belt is a continuous belt used to power different devices, which are extracting their power directly from the engine. In this system, the serpentine belt connects the engine crankshaft to multiple devices including the alternator, water pump, air pump, AC compressor, power steering pump, etc. In service vehicles, there is usually a space allocated to the attachment of another device, usually a compressor, to be powered by the serpentine belt. In the design of RAPS with low-power demands, this space, as shown in Figure 2 , can be used to install the extra generator. In addition, for service vehicles without this extra space, there is the option to utilize a higher output alternator instead of the original equipment manufacturer alternator. Figure 3 shows schematically the low-power configuration and attachment of the generator to the engine. In this figure, the small arrows show the mechanical or electrical power flow and the big arrows emphasize the direction of the energy flow. The drawback of the low-power demand configuration is that the maximum captured kinetic energy during braking is limited by the size of the generator-alternator. Thus, the regenerative energy is limited by the available space for the generator and the characteristics of the serpentine belt, especially its maximum tension capacity. This configuration is the main solution for vehicles, such as front wheel drive vehicles, with little space for adding the generator to the powertrain.
2. High-power demand system (power take-off) configuration: In service vehicles with high-power demands, the generator can be driven by a power take-off (PTO) module. In a vehicle, the engine produces power and transfers it to the wheels through the bell housing, transmission, drive shaft, differential and final axles. This condition can be better illustrated in a rear drive vehicle schematic as shown in Figure 4 . In theory, it is possible to extract the mechanical power for the generator from six locations. However, PTO should allow RAPS to run directly from the engine when the vehicle is stopped. This option is possible if a PTO can be installed at a point between the engine and the transmission. In order to extract power at each of these points, a different PTO is needed. Generally, the required PTOs can be categorized into three main types:
1.''Split-shaft'' PTO: As shown in Figure 5 , there are different designs and sizes for this kind of PTO. In split-shaft PTOs, the input shaft runs two output shafts where one is a through shaft and the other is for the PTO. Considering Figure 4 , this type of PTO can be used in the following points: Point 1: Shaft connecting the engine to the bell housing Point 2: Connection shaft of the bell housing and the transmission It should be considered that to install the split-shaft PTO, one of the power transferring shafts of the existing vehicle requires modification; also, for any of the considered points there should be enough space to install the PTO. Hence, from all the possible installation points for a split-shaft PTO, Point 5 is the most acceptable one. This location, however, does not allow the generator to run directly from the engine when the vehicle is stationary. Some split-shaft PTOs have a clutch, which disconnects the through shaft from the input. This type of PTO could be an option; however, it requires driver action which may make this solution generally undesirable.
2.''Side countershaft'' PTO: This type of PTO is the most common, and normally, these PTOs are just referred to as PTO-without any prefix. As shown in Figure 6 , these PTOs will be installed to the output of the transmission. In most service vehicles or heavy-duty vehicles, there is a place to install these PTOs. Considering Figure 4 , this type of PTO can be used in:
Point 4: Transmission output to the drive shaft However, installing a PTO for generator power extraction at Point 4 has the same setback as Point 5 during vehicle stops and may not be desirable.
3. ''Transmission aperture'' PTO: In most heavyduty vehicles, especially service vehicles, the option for mechanical powering of extra devices has been allocated. In these cases, as shown in Figure 7 , the vehicle transmission has a special place for installing a ''transmission aperture'' PTO to power up other devices. Considering Figure 4 , this type of PTO can be used in:
There are different scenarios that should be considered for all configurations:
1. Braking: It is expected that RAPS employs the waste energy during braking and maximizes the use of regenerative braking energy. The system will be considered to be in the regenerative braking phase if all the following conditions are true:
. The vehicle is braking (braking signal is sent to the controller) . The vehicle speed is higher than a threshold (higher than 16 km/h based on suggestion by Fan 22 ) . The electrical energy storage (EES) is not full (battery state of charge (SOC) level is lower than 100%)
For the low-power demand system (serpentine belt) configuration during braking there are two possible cases:
(a) In automatic transmissions, the torque converter still gets braking powers from the drive wheels to pass on to the serpentine belt. (b) In manual transmissions (or automatic transmissions at very low vehicle speeds), during braking, the clutch will disconnect the engine-belt from the transmission (or the torque converter does not pass the remaining braking energy); thus, regenerative braking energy is just part of the kinetic energy in the crankshaft and moving inertia of the engine.
For the high-power demand system (PTO) configuration, regenerative braking energy is obtained from two sources: (I) the kinetic energy in the crankshaft and moving inertia of the engine and (II) the drive wheels braking power. In this configuration also there are two possible cases:
(a) In automatic transmissions, the bell housing will not disconnect any part of the vehicle powertrain during braking; thus, regenerative braking energy can be obtained from both the sources: (I) the kinetic energy in the crankshaft and moving inertia of the engine and (II) the drive wheels braking power. Additionally, at very low vehicle speeds, the second condition of the regenerative braking phase is not satisfied; therefore, there will be no regenerative braking when bell housing disconnects the engine from the other parts of the vehicle powertrain. (b) In manual transmissions, the clutch will disconnect the engine from the transmission and other parts of the driveline during braking. Therefore, if any of the Points 1, 2, and 3 is considered as the RAPS connection point to the vehicle drivetrain, regenerative braking energy will be just obtained from one source, (I) the kinetic energy in the crankshaft and moving inertia of the engine. Conversely, if any of the Points 4, 5, and 6 is considered as the connection point, regenerative braking energy will be obtained from the other source, (II) the drive wheels braking power.
Vehicle movement:
If regenerative braking energy is not sufficient to charge the batteries, the power management controller let the batteries to directly been charged by the engine during peak engine performance. In this condition, since the demand power of RAPS auxiliary devices is higher than the regenerated energy from brakes, the battery SOC decreases to a critical level. In order to prevent battery SOC to get lower than the critical level, during the vehicle operation that vehicle is not in the braking phase, batteries are directly charged by the engine. In this scenario, since the moving power is transferred from the engine all the way to the drive wheels, RAPS can extract the power in all of the aforementioned possible configurations.
Vehicle stops:
The RAPS target is to prevent the vehicle from idling; hence, while the vehicle is stopped, the engine ought not be active. During long stops, the auxiliary devices' power consumption decreases the battery SOC to a critical level. In this condition, the system should allow the generator to be run directly from the engine when the vehicle is stopped. This scenario is considered as the critical scenario, in which in order to fulfill the power need of the auxiliary devices and prevent from serious degradation in EES, idling is permitted. However, one of the goals of power management in the RAPS is to decrease the occurrence of this scenario to minimum. A serpentine belt configuration will work without any limitations in this scenario. For the PTO configurations, the power extraction point should be anywhere between the engine and the vehicle transmission, or the option of a PTO with a disconnecting clutch and driver action should be considered.
Given all of these scenarios, which are compared in Table 1 , it can be seen that serpentine configuration is the best solution for the low-power demand systems and the ''transmission aperture'' PTO is the ideal and most cost-effective solution for the realization of the RAPS in high-power demand service vehicles.
System components modeling
As the system model will be used for the optimization process, the components' models should be generic, modular, and flexible. The components' models need to be scalable so that the optimization method can determine their optimal sizes.
There are two modeling approaches that can be used:
(a) Forward-looking: As shown in Figure 8 , modeling and simulation start from the driver's point of view. The driver's demanded power is sent to the powertrain components, and the resulting power that is available from the powertrain is fed to the final drive and wheels. This type of modeling is more realistic compared to the backward-looking models.
(b) Backward-looking: In this approach, the required power is determined based on the known drive cycle data. Illustrated in Figure 9 , this power demand is then calculated and transferred through the powertrain components to the engine or another main power source. Through this process and using the components' efficiencies, the power needed for each component is calculated. In this approach, the detailed dynamics of the components and the vehicle system is not considered; however, this will create less complicated models compared to the forward-looking models, which require solving differential equations.
The energy efficiency and overall power consumption of the vehicle system are the concern of this study; thus, a backward-looking modeling approach was utilized to compute the power consumption and the overall efficiency with minimum computation cost. The effects of vehicle dynamics due to the suspension can be safely ignored even though the backward-looking model is not as realistic as the forward-looking model. The total system model consists of powertrain components (engine, bell housing, transmission, differential) and RAPS components (batteries, power electronic, generator, auxiliary load). The powertrain components are modeled using the scalable backward-looking approach proposed by the Guzzella and Rizzoni. [26] [27] [28] In this approach, the actual consumed power of a component is calculated by multiplying the required component torque and component current velocity given the component's efficiencies.
General vehicle model
In order to fulfill the need for a simple model for the backward-looking modeling approach, a simple vehicle body model is considered. This model only utilizes the drive torque, rolling resistance, and the resistive aerodynamic forces. The vehicle body model receives the demanded longitudinal velocity of vehicle (V Des ) and demanded longitudinal acceleration of vehicle (A Des ) as the input data. Based on these, the model calculates the torque (T Wheel ) and angular velocity (! Wheel ) at the drive wheels (or final axles) as follows
in which
and
where F Total , F Drive , F Drag , and F RR represent total vehicle longitudinal force, drive force, total aerodynamics drag force, and total tire rolling resistance force, respectively. C D is the drag coefficient, is the air density, A is the frontal area of vehicle, C RR is the rolling resistance of the tire, g is the gravitational acceleration, is the road grade angle in radian, R Eff is the effective tire radius, and M Total is the total vehicle mass, which is considered to be
in which M Veh is the vehicle mass before installing the EES packs or loading the cargo, M Cargo is the cargo weight of the vehicle, and M EES is the mass of RAPS components added to the existing vehicle that are mainly the EES and other electrical parts. The total drive power demand (P Drive ), the power needed to move the vehicle, is equal to
where P Lost is the lost power in the powertrain system.
Final drive (differential) model
The demanded torque and angular velocity at the wheels (or final axles) are the inputs for the final drive. After applying the final drive ratio (N F ), the demand torque (T DL ) and angular velocity (! DL ) at the driveline are calculated as
where F is the final drive efficiency.
PTO model
The PTO consists of a set of gears that transfer the extracted mechanical power from the powertrain to the generator in the high-power demand configuration. In order to keep the model as simple as possible, the PTO is modeled by a gear ratio (N PTO ) and an efficiency factor ( PTO ). The modeling formula for the PTO defines its output torque (T PTOÀOut ), which is equal to the generator torque in the high-power demand configuration, and its output angular velocities (! PTOÀOut ) as
in which C ActÀPTO is the PTO activation control signal provided by the power management controller. This control signal acts as a coefficient which can have just two values of 0 or 1. In a high-power demand configuration, the PTO is responsible for extracting the energy from the powertrain for the generator. This power extraction occurs in two general cases: (i) battery pack SOC decreases to a critical level where the power management controller decides to charge the battery pack by the engine power (during the vehicle's movement or stop) and (ii) the regenerative braking energy is used to charge the battery. In either of these two general cases, the PTO's activation control signal will be one (active); otherwise this value will be zero (not active). The power management controller makes sure that the generator produces the maximum amount of power during regenerative braking to maximize the RAPS efficiency. In addition, the controller charges the batteries directly from the engine, during the peak engine performance, when the battery SOC level is close to the critical value. Low-level battery SOC set point (which has higher value than the critical value) is used by the controller to let the battery to be charged directly by the engine power. In order to make the system model as simple as possible, the controller utilizes a rule-based strategy that is adequate for control purposes in the design optimization of the proposed RAPS. Also, the critical level battery SOC is defined in the optimization process based on the battery pack working features and expected life cycle.
Transmission (gearbox) model
The demand torque and angular velocity at the transmission output shaft (driveline) are the inputs to transmission model. After applying the transmission ratio (N T ), the demand torque (T T ) and angular velocity (! T ) at the transmission are calculated as transmission model outputs
in which T represents the transmission efficiency. The values of the transmission ratio are calculated using a look-up table indexed by the vehicle's longitudinal speed. It should be mentioned that the connection between the transmission and engine is provided by the bell housing (clutch/torque converter). Due to the fact that a simple component modeling approach is selected for this study, the effects of the bell housing part are considered in the transmission efficiency.
Generator model
The output electrical power of the generator (P G ), in the form of output current (I G ) and output voltage (V G ), is calculated as
where the T G and ! G are the input torque and angular velocity to the generator, and G is the generator efficiency from the lookup tables indexed by the input torque and angular velocity to the generator. In the low-power demand configuration, the generator is connected to the engine through the serpentine belt. During regenerative braking, the bell housing transfers braking powers from the transmission to the serpentine belt. In this case
in which Reg is the regenerative braking factor (representing the percentage of braking energy can be captured by the generator to be stored in the EES) and N G is the generator ratio due to serpentine belt pulleys. During braking conditions (due to safety, general limitations of adding regenerative braking, system efficiency, and size limitation of the generator), conventional mechanical brakes still work. Therefore, by adding regenerative braking to the vehicle, just a percentage of the braking torque energy can be captured by the generator. The regenerative braking factor ( Reg ) represents this percentage. On the other hand, during vehicle movement or vehicle stop scenarios, the generator demanded torque, which is determined by the controller as it charges the battery in a critical level SOC, will be provided by the engine. In these cases
where T E Charge is the engine demand torque for direct battery charging conditions (when the generator is run by the engine instead of regenerative breaking energy). In these scenarios, the engine demanded torque for direct charging (T E Charge ) will be added to the transmission demanded torque (T T ) and the required torque to overcome the resistance forces at the engine (T R ) in order to determine the total demand torque from the engine (T E )
Based on the fuel consumption rate during idling, the engine idling torque is estimated and this value is considered to be the needed torque to overcome the engine resistance forces (T R ).
In the high-power demand configuration, a generator is connected to the PTO. Therefore, generator torque and angular velocity are equal to the output torque of the PTO (T PTOÀOut ) and output angular velocity of the PTO (! PTOÀOut ), respectively. When considering the ''transmission aperture'' PTO configuration in the regenerative braking phase, the generator torque and angular velocity are determined as
During vehicle movement or vehicle stop scenarios, if the battery SOC decreases to the critical level, the generator will be powered directly by the engine (direct battery charging). In this condition, the system should allow the generator to be run directly from the engine. These scenarios are considered as the critical scenarios, in which in order to fulfill the power need of the auxiliary devices and prevent from serious degradation in EES, charging the battery by means of engine power is permitted. In these scenarios, the generator torque is calculated as
Similar to the low-power demand configuration, for the direct battery charging condition in the ''transmission aperture'' PTO configuration equations (20) and (21) are valid.
Engine model
The engine model should be scalable so that the developed model can be easily modified for different vehicles. The Willan's line modeling approach 26 is utilized for engine modeling. This model has the scalability and composability features. Using a scalable model, the vehicle components that belong to the same class (for example internal combustion engines (ICEs)) can be modeled using the same basic model. The important factor is that the model should be independent of the component size and can be scaled based on a simple scalar parameter such as displacement or power rating. The composability feature is concerned that each of the system components' model can easily merge to the other related parts to create the whole system model. In a general ICE, the following equation is valid
in which ! E and T E are the engine's angular velocity and total demand torque, P Fuel represents the enthalpy flow associated with the fuel mass flow, E is the engine efficiency, _ m F is the fuel mass flow, and H L is fuel's lower heating value. In equation (26) , engine efficiency is defined based on dimensional variables that depend on the engine's size. Willan's line method calculates the engine efficiency based on mean effective pressure (p ME ), which describes the engine's ability to produce mechanical work, and fuel available mean effective pressure (p MF ), which is the maximum mean effective pressure produced by an engine with 100% efficiency utilizing a unit fuel. 26 In the steadystate running condition of the engine
For a four-stroke engine, N is equal to 4 and for a two-stroke engine, N is equal to 2. Also, V ED represents the engine's displacement (volume). Based on the concepts of thermodynamic efficiency and internal losses during the engine cycle, p ME is calculated as
in which e E is the thermodynamic properties of the engine related to the mean effective pressure, and p L is the engine losses where
In this equation p LG represents the engine's losses due to gas exchange and p LF represents the engine's losses due to friction. p LF can be estimated based on experimental parameters as
where B is the engine cylinder bore, Å max is the maximum boost pressure, S is the engine's stroke, and k parameters are the experimental parameters. 27 Considering equations (26) to (31), engine efficiency ( E ) and fuel mass flow ( _ m F ) can be defined as
In the model developed in this study, the engine model receives the engine's angular velocity (! E ) and engine's total demand torque T E , from equations (20) and (21), as the inputs and calculates the engine efficiency and fuel consumption.
Electrical energy storage systems (batteries) model
There are different electrical components in the proposed vehicle. For some of these components, such as plug-in charger or converters, a simple algebraic model is used. The EES system is the main electrical part whose impact on the system is important. The EES module stores the generator output energy during regenerative braking or direct charging from the engine. In addition, the module feeds the auxiliary devices during their operation time. There are different types of rechargeable batteries on the market and new types with better technologies are introduced every year. An accurate model of a battery is complicated and is not necessary for the problem presented. Generic knowledge of battery behavior can be sufficient for modeling purposes in electrical and hybrid vehicles. Therefore, in the EES modeling process, the exact chemical reaction or other related changes are not considered; however, the changes in the energy and power level are modeled. Generally, in the literature, battery models are categorized into three main groups: experimental, electrochemical, and electric circuit-based. Among them, the electric circuit-based modeling approach will adequately fulfill the battery modeling needs in electrical and hybrid vehicles with acceptable accuracy. [29] [30] [31] If considering the electric circuit-based modeling approach, there are different models developed for the batteries. A comparison among seven common circuit-based models is presented in He et al. 30 It is concluded that ''dual polarization (DP)'' and ''Thevenin'' models perform best since the impact of the battery relaxation effect is considered for their modeling. As illustrated in Figure 10 , both ''DP'' and ''Thevenin'' models are based on a simpler model known as internal resistance model or ''Rint.''
The ''Thevenin'' model is created by adding an RC network to the ''Rint'' model and ''DP'' is created by adding an RC network to the ''Thevenin'' model. Each RC network consists of a resistor (R) and a capacitor (C). In Figure 10 time transient capacitance and short-time transient capacitance of the battery, respectively. It should be considered that in the ''Thevenin'' model, the set of C 1 , V 2 , and R 2 are just considered as the representatives of the transient time changes. However, in the ''DP'' model the set of C 2 , V 3 , and R 3 is added to represent the short-time transient changes and the set of C 1 , V 2 , and R 2 represent the long-time transient changes.
According to He et al., 30 the ''DP'' model performs best among common electric circuit-based battery models followed by the ''Thevenin'' model. However, both of these models are created based on the ''Rint'' model, and considering experimental results, 30 ,32 the performance of the ''Rint'' model is close to the performance of the ''DP'' and the ''Thevenin'' models, especially considering the interests and conditions of this study. Adding more than two RC networks to the ''Rint'' model will not increase the performance of model 30, 33 ; however, adding more RC networks increases the complexity and computational cost of model without improving model accuracy.
From He et al., 30 the maximum error in the hybrid pulse power characterization (HPPC) tests 34 for a battery cell with nominal voltage of 3.2 V is less than 40 mV (1.25%) for the ''DP'' and the ''Thevenin'' models, and less than 180 mV (5%) for the ''Rint'' model; however, the mean error for all three models is less than 10 mV 0.3%.
The ''Thevenin'' and ''Rint'' models are compared in Scott. 32 The comparison shows that in a city drive cycle such as urban dynamometer driving schedule (UDDS), 35 which is the main part of service vehicles working drive cycle, the difference between two battery models is small. UDDS is a standard drive cycle by United States Environmental Protection Agency. This drive cycle is used to test fuel economy in lightduty vehicles. As shown in Figure 11 , this drive cycle represents about 12 km of city driving conditions. UDDS is a 1369 s drive cycle with an average vehicle speed of 31.53 km/h. According to He et al., 30 the ''Rint'' model has a performance error around 5% compared to ''Thevenin'' model. Therefore, although the battery's dynamic voltage performance is ignored in the ''Rint'' model, in the working condition of service vehicles, the performance of the ''DP,'' the ''Thevenin,'' and the ''Rint'' models are close. Due to this fact and considering that one of the main objectives of this research is to develop a method that can be easily used to design RAPS for different service vehicles, the ''Rint'' model is selected for battery modeling. This model will not increase the computational cost. More importantly, it does not need different battery parameters values, such as C 1 , C 2 , V 2 , V 3 , R 2 , and R 3 , which are generally not provided by the battery manufacturer. There is a need for performing characterization tests such as HPPC 34 to identify these parameters. This process is not of interest in RAPS design for different service vehicles and the fleet companies.
Utilizing the ''Rint'' model, current is calculated by considering the internal resistance when calculating the charge and discharge powers of the battery. During battery charge and discharge, the desired change in the battery power (P B Desired ) can be determined as
in which R In , I B , and V B OC represent the internal resistance, current, and the open circuit voltage of the battery, respectively. It is assumed that when the battery is being charged, the current and the subsequent desired change in the battery power (P B Desired ) are both positive. Conversely, when the battery is being discharged, the current and the desired change in the battery power (P B Desired ) are both negative. From equation (34) , there are two solutions for battery current as
Since the larger value of the two solutions is higher than the current in the ideal condition (I B Ideal ), just the lower value from equation (35), can be accepted. It is considered that in the ideal condition there is not any waste of energy in the internal resistance of the battery; hence, I B Ideal is the maximum possible absolute value for battery current.
The battery open circuit voltage (V B OC ), is a function of the battery SOC. In order to model the related changes of the SOC and the battery open circuit voltage, a look-up table is utilized. Finally, based on the calculated current and open circuit voltage, the actual charge and discharge powers of the battery (P B Actual ) are defined as
By integrating these actual charge and discharge powers of the battery through time, the change in the battery energy and therefore the SOC level of the battery at each sample time can be determined.
Experimental setup
The first prototype of RAPS is designed in order to test and verify the performance of the proposed system by laboratory facilities. This is a necessary step before making the second prototype of RAPS, which will be installed in a real service vehicle and verifies the designed system in the real world conditions. Hardware-in-the-loop (HIL) test stand has been utilized for the laboratory evaluation in order to validate component models and characterize the RAPS components. A prototype model of RAPS (containing generator, battery, auxiliary load, and control system) is developed. Characterization and model modification-verification of RAPS components are performed utilizing this setup. Different parts of this prototype and their place in the system are explained in Figures  12 and 13 . The schematic installation connection for the low-power demand (serpentine belt) and highpower demand (aperture PTO) configurations are also shown in Figures 14 and 15 , respectively.
This prototype is a combination of dynamometers (simulating the mechanical part of the real vehicle), RAPS components (generator and battery for lowand high-power demands, PTO for high-power demands), and load simulator (simulating expected electrical load of auxiliary devices). Based on the available parts in the market and optimization results, suitable parts are purchased and installed in order to develop a regenerative braking system that maximizes power extraction. Specifications of prototype components are presented in Table 2 .
For simulation of mechanical parts of the targeted vehicle, a ''Mustang Dynamometer,'' as shown in Figure 12 has been utilized. In this test stand, the input dyno (Dyno1), which acts as the vehicle's main engine, is connected to two other dynos through the transmission and the PTO. The vehicle's traction force simulator dyno (Dyno2), which acts as the wheel's traction, braking torques, and drive cycle simulator, is connected to the transmission output shaft. This dyno simulates the impact of the vehicle's traction force at the transmission output as the resistance (negative) torque opposed to the input dyno's torque (positive). The auxiliary load simulator dyno (Dyno3), which acts as the service cycle simulator, is connected to the PTO output shaft. This dyno simulates the impact of the auxiliary load as a resistance (negative) torque in the high-power demand configuration. By programming these dynos, the RAPS can be tested against different conditions in a controlled environment.
For the low-power demand (serpentine belt) configuration, there is no need for the PTO, and the Dyno3 is disconnected from the system. Since in this condition the amount of demand power is low, there is no need for a special generator, and a regular highoutput alternator is utilized to create the auxiliary load impact on the powertrain. As shown in Figure 16 , the alternator is connected to the shaft between Dyno1 and the transmission through a set of pulleys and a serpentine belt. This installation has a similar shape to a real serpentine belt configuration in service vehicles. Since the targeted service vehicle is a GMC Savana 2500 (Gasoline), the ''Waiglobal'' high-output alternator for GMC Savana and similar installation (pulleys and serpentine) as the original vehicle alternator connection is used for RAPS laboratory prototype design to charge the EES and provides the demanded power by the load box.
Characterization and model modification-verification of RAPS components are performed utilizing this setup. Utilizing this prototype, different scenarios are simulated to investigate the real world limitations and to modify the modeling. This evaluation will help finetune the prototype for installation on a real service vehicle.
Characterization experiments procedure
Considering the developed prototype RAPS and HIL facilities, different experiments were designed and performed to characterize the RAPS components, and validate and modify the components' model. Due to the fact that in this study, the power consumption of the vehicle and the regenerative power are of interest, the alternator-generator, which is the main power source for charging the EES (the other power source is plug-in during the night), should be accurately modeled and characterized. Two sets of tests are designed and performed to create the ''maximum current versus alternator angular velocity'' and ''efficiency map'' curves of the alternator. The prototype RAPS alternator is an internally regulated, self-exciting (one-wire) alternator. To find the ''maximum current versus alternator angular velocity'' curve, a different constant angular velocity is provided by Dyno1 through the system shown in Figure 16 . The alternator is loaded by a systematically increasing load (Figure 17 ) demanded by the auxiliary load simulator (Figure 13(b) ) until it reaches the alternator load limit at that angular velocity. Repeating this process at a different constant angular velocity in the working range of the alternator determines the maximum possible current load value in each angular velocity. Plotting the resulted maximum possible current load point in each angular velocity versus alternator angular velocity will create the ''maximum current versus alternator angular velocity'' curve ( Figure 18 ). This curve will regulate the range of current and angular velocity for the ''efficiency map'' experiment, which is the main purpose of the alternator characterization process.
From Figure 18 , it can be seen that due to limitations of the prototype, such as the serpentine belt tension, the maximum current at each angular velocity is lower than the reported data by the manufacturer; however, both plots have the same shape and the RAPS prototype's alternator fulfills the maximum desired current conditions. In order to create the ''efficiency map'' curve, similar systematical alternator load increasing experiment as shown in Figure 17 is performed. In each angular velocity (! G ), values of input torque (T G ), alternator output current (I G ), and voltage (V G ) are recorded. By rearranging equation (15), alternator efficiency can be determined as
Repeating this process with different constant angular velocity conditions, the alternator efficiency in different sets of angular velocity and torque is determined. Figure 19 shows the alternator ''efficiency map'' curve indexed by the input torque and angular velocity to the alternator.
From Figure 19 , it is clear that by increasing the alternator input angular velocity, the alternator efficiency increases. For alternator speeds lower than 1800 r/min (engine speed lower than idling at about 600 r/min), the alternator will not create any current and the efficiency is zero. By increasing the alternator speed to 6000 r/min, the alternator will be saturated, and efficiency reaches the maximum value of about 70%.
Model validation experiment procedure
For the model validation test, the setup shown in Figure 12 setup (pulleys and serpentine) creates a 1:3 ratio between angular velocity of engine and alternator shaft, the dynamometer limitation will not decrease the operation range of alternator. The experimental drive cycle, as shown in Figure 20 , is created based on repeating the ''UDDS'' standard drive cycle, 35 to model the city driving of service vehicles; and adding idling durations, to model the loading and unloading stops. The expected fuel consumption of a conventional and RAPS equipped vehicle during this experimental drive cycle is shown in Figure 21 . As expected, the RAPS equipped vehicle fuel consumption is lower than the conventional vehicle fuel consumption. This drive cycle is used to calculate the vehicle's traction force impact at the transmission output shaft as the resistance torque. This torque is simulated in the system utilizing Dyno2. Also, the engine output angular velocity based on the experimental drive cycle is simulated in the system through Dyno1. The Dyno1 angular velocity is recorded during the experiment, as shown in Figure 22 , to ensure its values meet the limitations of the facilities.
Considering Figure 22 , noises in the data recording of HIL test stand create some oscillations in the recorded engine speed data. Close to the engine speeds of zero, these oscillations will cause negative values for the recorded engine speed.
Due to the fact that in this study, the power consumption and power change in the real service vehicle are the main interest, the changes of the EES energy (battery SOC in this case) will be the main output of the system and present the system condition and state. An on-off auxiliary load of 1100 W is applied as the demanded electrical load through the auxiliary load simulator (Figure 13(b) ).
In the validation experiment, Dyno1 (which represents engine in service vehicles) produces the mechanical power (based on the experiment drive cycle) as the input energy to the system. The auxiliary load simulator extracts the electrical energy from the system as the output energy. RAPS components act as the intermediate parts, which provide the auxiliary device power by utilizing the stored energy in the battery pack and the alternator charging power. In order to verify the presented modeling approach and establish its composability features, changes in the experimental battery SOC (the main output of the system) should match the battery SOC changes from the RAPS simulation model when the same drive cycle is used as the system input for both experimental and simulation models. The RAPS simulation model consisted of the RAPS components' models composed together to study the features of the proposed modeling approach. This comparison is illustrated in Figure 23 .
From Figure 23 , it can be seen that the RAPS simulation model result mostly follows the experimental result. There are a few differences between the two plots especially at the beginning and at the end of the test. Also, although both graphs have the same pattern, there are magnitude differences at some points. These can be due to the impact of resistance forces, inertia effects, and other vehicle dynamics that have been set aside for simplification purposes of the backward-looking modeling approach. There is a close match between the overall power change in the experimental and simulation model results, which shows the practical use of backward-looking modeling approach for anti-idling system modeling in service vehicles.
It should be considered that since the battery pack used for this experiment is a lead-acid based battery, the low-level battery SOC set point (which has higher value than the critical value) is set to the 85% SOC. Therefore, battery SOC level will not decrease less than 85% SOC during the model validation test. 
Conclusion
A RAPS is proposed for anti-idling of service vehicles. In these vehicles 15% to 25% of engine fuel consumption goes to auxiliary devices; hence, utilizing an antiidling solution has a significant impact on the fuel consumption, air pollution, and operation cost.
A library for common components' models used in service vehicles is developed. These components' models are generic, modular, and flexible with scalability and composability features. The system model can be easily modified for different vehicles. It is independent of the component size and can be scaled based on a simple scalar parameter such as displacement or power rating. Also, the system components' models can easily compose to the other related parts. The resulted algorithm can be utilized for design and component sizing of varieties of antiidling systems for different vehicles and applications. The energy efficiency of the vehicle system is the concern of this study; thus, a backward-looking modeling approach was utilized to compute the power consumption and the overall efficiency with minimum computation cost.
Possible configurations of the RAPS and different options for integration with the vehicle powertrains are discussed. Limitations of each configuration and required components that can be used to extract mechanical power for the generator in each configuration are explained.
HIL test stand, consisting of a prototype model of RAPS (generator, battery, and auxiliary load) and dynamometers (simulating the mechanical part of the real vehicle), is developed for the laboratory evaluation in order to validate the components' model, and characterize the RAPS components. The process for characterizing the alternator and creating the ''efficiency map'' curve is briefly explained. There is a close match between overall power change in the experimental and simulation model results of the prototyped RAPS, consisted of a deep dry lead-acid battery and a GMC Savana 2500 high-output alternator, which shows the practical use of backward-looking modeling approach for anti-idling system modeling in service vehicles. 
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